Objective: The paper addresses the degree to which the attainment of the status as an elite athlete in different sports ameliorates the known age-related losses in skeletal muscle structure and function.
INTRODUCTION
The age-related changes in the skeletal muscles of both genders, but generally men, have been described in considerable detail by us [1] [2] [3] [4] and others. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In contrast, elite, world-class athletes have received much less recent attention. [15] [16] [17] [18] [19] [20] As a result of societal restrictions on participation by women in a wide variety of sports that extended until the passage of Title IX (the Educational Amendments Act of 1972 that prohibited genderbased discrimination in federally funded educational programs, including athletics), little published data exist on the performance characteristics of female elite athletes or on the age-related changes that occur in their skeletal muscles. 4 Consequently, this review will be restricted to elite male athletes. We do so in the hope that the conclusions will be applicable to both genders.
AGE-RELATED ATROPHY OF SKELETAL MUSCLES
The basic contractile unit of a skeletal muscle is the fiber, and in humans the number of fibers per muscle varies from hundreds for the lumbrical muscles that abduct and adduct the fingers to hundreds of thousands of fibers for large thigh muscles ( Fig. 1 ). Fibers are highly adaptable in both structure and function to changes in the type and frequency of contractions as a result of habitual patterns of physical activity and to aging. For a given fiber, the mass is the product of the density of the tissue, the cross-sectional area, and the length of the fiber. The mass of a whole skeletal muscle is then obtained by multiplying the average fiber mass by the number of fibers in the muscle. Fiber lengths increase during growth and development but stabilize after maturity. The only subsequent changes in muscle fiber lengths occur with significant hypertrophy or atrophy. 21 Branching of fibers may occur but only under specific circumstances. 22 From birth through to adulthood, the numbers of fibers within mammalian skeletal muscles remain constant. 23 Consequently, through to adulthood, any change in muscle mass occurs as a result of atrophy or hypertrophy of single fibers. A loss of the mass of muscles occurs with a decrease in dietary input or in physical activity, particularly a decrease in physical activities that incur decreased loading of the muscles. 24, 25 Conversely, hypertrophy of select muscle groups occurs with weight training and with repeated drills and performance in events that involve the ''overloading'' of muscle groups. [25] [26] [27] Data on males ranging in age from children to age 90 indicate that the average number of muscle fibers in vastus lateralis muscles of male cadavers 12 and the average number of motor units in the extensor digitorum brevis muscles 7 are remarkably stable through to approximately 50 years of age and then show a linear decline throughout the remainder of the life span. Despite the stability in the best fit lines, the range in the number of fibers at 20 to 50 years of age is from 400,000 to 900,000 and the number of motor units ranges from 125 to 325. These are very different muscles with regard to both mass and function, but the 2 muscles show similar age-related changes. The large variation in the number of muscle fibers among individuals may result from polymorphisms in genes that determine fiber number during embryonic development such as myostatin 28 and insulin-like growth factor 1 (IGF-1). 29 These polymorphisms may also explain some of the individual variability observed in the performance capabilities of elite athletes. Of the average of 600,000 fibers present at age 50 years, 50% are lost by age 80 (Fig. 1 ). After age 80, the range in the number of fibers is from 200,000 to 350,000; for motor units it is 1 to 125. The loss of fibers in skeletal muscles appears to result directly from a loss of motor units. The loss in motor unit numbers has been measured with indirect techniques in several skeletal muscles of humans 7, 30 and by direct measurements in rats. 31 The loss of muscle fibers and of motor units has similar onsets and slopes in rats and humans. The loss in whole motor units appears to arise from age-related changes in the nervous system, likely beginning with the anterior horn cell. 32 Some of the fibers left denervated as a motor unit is lost appear to be reinnervated by slow type 1 fiber motor nerves by axonal sprouting. 33 The age-related loss of fibers 12 and motor units 7, 30 appears to involve most if not all of the muscles in the mammalian organism. 34, 35 All of the fibers in a single motor unit are generally of the same fiber type, and the loss of motor units with aging appears to involve exclusively those composed of fast powerful type 2 fibers. 31 The loss of the type 2 motor units explains in large measure the greater loss in power than occurs in force during aging. 1, 8, 9, 14 With fewer fast motor units to recruit, movements become less rapid and less powerful. 6, 36 There are no direct measurements of fiber numbers or in the number of motor units in the skeletal muscles of aging elite athletes in any sport. Despite the absence of direct measurements of these phenomena on this specific subpopulation, comparisons between elite athletes and untrained normal subjects show parallel declines in strength ( Fig. 2) , power ( Fig. 3 ), and VO 2 max (mL/kg/min) ( Fig. 4 ). The similarity in the time of the onset and the rate of the declines for each of these 3 variables strongly supports that the muscles of elite athletes undergo similar changes to those observed in control male subjects in fiber number and that the time of the onset of fiber loss is comparable. The critical difference between the elite athlete and the untrained and frequently less athletically gifted untrained subject is the substantial difference in each of these variables. As shown for VO 2 max, but equally true for both strength and power, a cessation of high-quality, regular training results in a gradual loss of the ''elite status.'' It is interesting that the rate of decline for the mass lifted in the ''clean and jerk'' of the weight lifter and the running time for the Masters Records of the marathon run ( Fig. 5 ) are in reasonable agreement with the losses in muscle power ( Fig. 3) . Consequently, despite the absence of direct data on elite athletes, the assumption that the achievement of elite status in specific sports does not protect the skeletal muscles of elite athletes from the gradual losses in the number of fibers and motor units measured in control male subjects appears to be reasonable and explains a substantial portion of the losses in athletic performance observed with the aging of the elite athlete. In particular, the loss in power ( Fig. 3) is troublesome for elite athletes, whose performance depends primarily on high power output. High power output is required not only during a single contraction as in the shot put, discus throw, or weight lifting ( Fig.  5 ) but also during the repeated contractions required for the dashes in the sprint or for long distance running ( Fig. 5 ) or the explosive power for the darting, dodging, leaping, or evasive maneuvers required in almost all of the dual and team sports.
Repair and regeneration of muscle tissue is vital to the long-term viability of the elite athlete at all ages but particularly as they age. Satellite cells are stem cells within FIGURE 2. The isometric knee strengths for untrained control subjects (solid line) and for elite masters weight lifters (dashed line) from 40 to 88 years of age were obtained from Pearson et al, 2002, with permission. Note: Surprisingly, the isometric knee strength of the untrained control subjects did not decrease with age, whereas the weight lifters showed a decline.
The relationships between the number of motor units in the extensor digitorum brevis muscles and the age of men between 5 and 88 years of age (solid line) and between the total number of fibers in the vastus lateralis muscles and the age of the cadavers between 18 to 82 years of age (dashed line). The number of motor units remained constant from 5 years to 50 years of age but then decreased linearly with a 0 intercept at 95 years of age (modified from Campbell et al, 1973, with permission). Similarly, the average number of fibers in the vastus lateralis muscle did not change between 18 and 50 years of age, but by age 80 the mean number of fibers decreased to 50% of the number for younger men (modified from Lexell et al, 1988 , with permission).
muscle fibers that provide a source of nuclei for muscle fibers. Satellite cells normally exist in a quiescent state between the muscle fiber plasma membrane and the basal lamina. Following damage to muscle fibers, such as the damage that occurs following lengthening contractions, 37 satellite cells become activated, migrate to the site of injury, proliferate, and fuse with the damaged fiber to regenerate the sarcomeric structure of the damaged region ( Fig. 7) . The satellite cells also repopulate the nuclei lost as a result of injury. Thus, the activity of satellite cells is critical in the adaptations that occur in skeletal muscles with exercise training. There is a progressive decrease in the proliferative capacity of satellite cells with aging. 38 Compared with younger individuals, the activated satellite cells of elderly individuals have a diminished ability to fuse with existing myofibers in response to exercise training. 39 There is also an age-related decline in the density of satellite cells surrounding type 2 muscle fibers and an increase in the density of satellite cells surrounding type I muscle fibers. 40 In addition to the relationship between aging and satellite cell activity, the myonuclear domain, the volume of cytosol under the control of a single myonucleus, decreases with age in both type I and type 2 muscle fibers. 40 Compared with young subjects, both myofibrillar and nonmyofibrillar protein synthesis rates are decreased in elderly subjects. 41 
PERFORMANCE OF ELITE MALE ATHLETES DURING AGING
Regardless of the age of the elite athlete, or the sport in which he participates, all volitional bodily movements arise from the activation of groups of fibers innervated by the same motor neuron and thus termed a motor unit. When activated, all muscle fibers contract and attempt to shorten. During a specific activation, whether a muscle shortens, stays at the same length (isometric), or is lengthened depends on the interaction between the strength of the contraction and the load on the muscle. 37 Each sport has a specific pattern of bodily movements associated with it, and the success of the athlete in the sport is determined by his skill and efficiency in performing these specific movements. The movements in all sports involve various combinations of isometric, shortening, and lengthening contractions. Weight lifting by its very name involves primarily shortening contractions of the muscles involved in the ''lifting'' and isometric contractions of a wide variety of other muscles that provide a ''force platform'' for the ''lift.'' The lengthening contraction is the only type of contraction that produces a selfinduced injury to muscle fibers ( Fig. 7 ). 37 To avoid lengthening contractions during the lowering of weights, the lifter frequently walks out from under the weight and drops it. Similarly, the propulsion of the body through the water in swimming is achieved solely by shortening contractions with the return of the limbs following the pull, or the kick, largely unloaded lengthening. In contrast, the running, jumping, twisting, and turning movements required in all team and dual sports involve significant contributions of all 3 types of contractions. Thus, the success of an elite athlete in a particular sport depends on the skill, strength, and power-and in some activities, the efficiency-with which various muscle groups are recruited to perform the bodily movements required of the sport.
For many elite athletes, maturation occurs early and peak performance may be attained in the late teens, whereas later maturers will not reach peak performance capacity until the mid to late 20s. Regardless of the age at which peak performance is , with permission. Note that for peak power both untrained control subjects and the elite masters weight lifters showed declines in peak power with age, with the slope for the weight lifters greater than that of the control subjects. 5 and 6 ). Despite the onset of irretrievable declines, some very late maturers and some exceptionally gifted athletes may still outperform younger men at an elite level of performance at up to 40 years of age while already showing declines from their own peak levels (Fig. 6 ). The Masters Performance Records in the ''clean and jerk'' lift provide ample evidence of the impressive capabilities of the lifters who maintain a surprising percentage of their maximum capabilities throughout their life span ( Fig. 5) . Similarly, a highly conditioned endurance runner at age 74 years has recorded a time of less than 3 hours for the marathon run. In many sports, the elite athlete is simply competing against the clock, such as in running or cross-country skiing, or for the distance he can put a shot put or throw a discus or javelin. Records show age-related declines in these sports, but the decline in performance results due solely from declines in coordination, strength, power, and overall skill of the individual competitor. In contrast, in the competitive sports of badminton, squash, or tennis or the team games of basketball, football, hockey, rugby, or soccer, as one ages, the older elite athlete is playing against younger and younger opponents. This age differential has a greater and greater effect as the elite athlete ages. Elite masters weight lifters lose lean lower limb volume at a slower rate, but they lose normalized isometric strength ( Fig. 2) and power ( Fig. 3 ) in specific muscle groups at a slightly higher rate than age-matched untrained control subjects. 36 The competitive weight lifting performances for ''clean and jerk'' and ''snatch'' display declines with the age of the masters lifters (Fig. 5 ) at a rate closely related to the loss in peak power (Fig. 3) . The lift accomplished by someone who is older than 80 years old for the ''clean and jerk'' of 55 kg (121 pounds) is truly remarkable when one considers the difficulties encountered by many frail 80 year olds in performing the normal activities of daily living. 42, 43 Along with running speed, the VO 2 max has since the 1930s been widely accepted as the premier measure of the capability of elite distance runners based initially on reports that distance runner Lash had a VO 2 max of 81.5 mL/kg/min, compared with values of 47.8 mL/kg/min for untrained young men. 44 The VO 2 max values for distance runners who maintain high-intensity training programs decline at comparable rates to those of sedentary age-matched men. In contrast, former elite distance runners who become sedentary show rapid losses in VO 2 max and eventually have values that are indistinguishable from those of untrained subjects (Fig. 4) .
In many professional team sports, declines in performance are measurable by statistics that are applicable for all players. Professional basketball is renowned for the mass of statistics that are kept on each player during each game. Consequently, for 3 elite basketball players, Kareem Abdul-Jabbar, Michael Jordan, and Charles Barkley, the game-by-game and year-by-year statistics on the percentage of free throws made and the total points scored per game were averaged and graphed against age from their first year as a professional player until their retirement (Fig. 6 ). The free throw percentage represents an uncontested, high-skill, motor control task, whereas the total points scored per game represents a highly contested, motor control task of shooting field goals during full court play. To permit each of the 2 variables to be graphed together, each variable was expressed as a percentage of the highest value achieved during each player's long and illustrious career, which extended far beyond the norm. The percentage of free throws made remained high throughout their careers, at between 85% and 90% of the highest value for each of the 3 players, with no sign of an age-dependent decline. The variable that showed the greatest decline for each player was the points scored per game. The points scored per game decreased to 30% of the highest value for Abdul-Jabbar, 60% for Jordan, and 55% for Barkley. When Abdul-Jabbar's percentage was corrected for his 55% decrease in playing time with increasing age, his percentage is about the same as that of the other 2 players. A reasonable conclusion is that the ability to shoot accurately is not lost at least prior to age 40, but under circumstances of being guarded by ever-younger players, the 40year-old player frees himself for a high-quality shot about half as frequently as he did when he was younger. Similar problems are encountered to an even greater extent in the physically more demanding collision sports of football, hockey, rugby, and soccer. In these sports, injuries are more common than in basketball, 45 and the number of games played in a given season fluctuates dramatically as a result. Despite these intermittent injuries, the length of the career in a variety of team sports is similar, although hockey legend Gordie Howe played until he was 50 years of age.
GENE THERAPY AND DOPING
Gene therapy, although offering much hope for the treatment of genetic diseases of skeletal muscle, 46 has potential as an effective, yet hard to detect, form of doping for athletes. Using a vector, such as a virus, a modified sequence of DNA can be inserted into the genome of muscle fibers. This modified DNA sequence could be used to control genes that affect athletic performance. Two potential targets for athletes wishing to increase muscle mass are IGF-1 and myostatin. IGF-1 promotes muscle hypertrophy by increasing satellite cell proliferation and muscle protein synthesis. 47, 48 Infecting rats with an adenoassociated virus (AAV) that increased the production of IGF-1 in muscle resulted in a 15% increase in muscle mass and a 17% increase in maximum isometric force. 49 In contrast, myostatin is a hormone that causes muscle atrophy by decreasing satellite cell proliferation and muscle protein synthesis. 50, 51 Injecting mice with AAV that contained genes to induce the expression of a myostatin inhibitor, follistatin, resulted in an increase of greater than 50% mass of hind limb muscles and of grip strength. 52 For athletes that compete in aerobic sports, two other genes are strong candidates for illegal doping-erythropoietin and the cytosolic form of phosphoenolpyruvate carboxykinase (PEPCK). Injecting muscles of rats with a lentivirus designed to synthesize erythropoietin increased hematocrit values from 46% to 69% and enhanced oxidative capacity, 53 whereas overexpression of PEPCK in the muscles of transgenic mice produced animals with amazing endurance. 54 During treadmill endurance tests, PEPCK over-expressing mice ran nearly 30 times farther than controls before reaching exhaustion, and in strenuous running tests PEPCK mice ran 56% faster and 66% longer than controls with no change in blood lactate values, whereas in control mice, blood lactate went from 4.9 mM before the test to 8.1 mM after the test. Although the PEPCK over-expressing mice were transgenic and were not produced using a gene therapy approach, virus containing the same modified DNA sequence could be made for use as a doping agent. Traditional anti-doping strategies look for the presence of exogenous drugs or hormones in blood or urine samples, but gene doping modifies the expression of endogenous hormones and proteins, some of which are not present in blood or urine. Thus, virtually no methods are currently available for detecting the presence of gene doping.
CLINICAL IMPLICATIONS OF THE AGE-RELATED CHANGES IN MUSCLE
Structural changes in height, weight, lean body mass, and VO 2 max of both trained and untrained men as they age are shown in Table 1 . The often-observed lack of any change in height, but significant increase for untrained men in body mass of 18% by age 50 that was sustained through age 75, is evident. By age 84 these untrained subjects display a 6% loss of height and a 16% loss of body mass. In such crosssectional studies, the losses of height and body mass with aging have frequently been attributed to the higher mortality rates for the heavier males. 55 For the elite-trained males, neither height nor body mass changed appreciably from 22 to 75 years of age. The percentage of body mass that was fat varied markedly from a value of 9%-10% for young and adult endurance-trained athletes to 28% for 65-year-old untrained FIGURE 7 . Schematic diagram of the sequence of events for a typical muscle fiber within a skeletal muscle exposed to a severe lengthening contraction protocol. The damaged fibers would be scattered throughout the injured muscle both singly and in small clusters. Each damaged fiber goes through this sequence of events, with full recovery of fibers in young animals complete within a few weeks and those in old animals requiring up to a month with the possibility of permanent damage (reproduced from Rader et al, 2006) . q 2008 Lippincott Williams & Wilkins men, whereas lean body masses of all groups were remarkably consistent at 56 to 59 kg for all groups. The exception was that of the untrained 50 year olds with a lean body mass of 68 kg. The VO 2 max was highest for the young endurance-trained athletes with a value of 69 mL/kg/min, although this group mean is considerably below the value of 81.5 mL/kg/min reported by Robinson 44 for a world record holder in the 2-mile run. Both of these values for VO 2 max are considerably higher than the 40 mL/kg/min reported for untrained young men and 27 mL/kg/min for untrained 65 year old men ( Table 1) . A lifelong commitment to either long distance or sprint running clearly has a substantial impact on body composition and aerobic capacity that if continued carries over into the status of the individual in old age.
For the sports medicine physician, the recognition of the losses that will occur, even in elite athletes as they age, offers the opportunity to anticipate these changes and aid the elite athlete in adjusting to the changes. The immutable loss of the fast type 2 fibers 56 results inevitably in a gradual decrease in strength and power beginning at about age 40. 36 For aging elite athletes in dual or team contact sports, this translates immediately into a greater incidence of lengthening contractions as stronger, younger opponents overpower them in 1-on-1 confrontations. Furthermore, fibers in the muscles of older men, even elite older athletes, are more susceptible to contraction-induced injury than those of younger men. 37 Training with protocols that include lengthening contractions, termed plyometric training, 57, 58 increase strength and power and prevent subsequent injury, but such plyometric training must be undertaken with care and usually trained supervision to prevent injury.
SUMMARY
Although the decrease in the performance of the elite athlete after age 40 can be explained by the loss in the powerful type 2 fiber motor units with subsequent muscle atrophy and a loss in muscle power, the decline in performance, particularly before age 40, is more difficult to explain. Clearly when playing against younger opponents, declines for most elite athletes are evident in the early to late 30s. One possibility is that prior to the actual loss of motor units, there are subtle changes in fine motor control that are not picked up by the gross motor control tests used to assess age-related changes. Despite the inevitable changes that occur in muscle structure and function with aging, the elderly highly trained and highly skilled elite athlete is still able to compete into his 80s in a wide variety of sports activities at a level unattainable by less gifted and less well-trained young people ( Fig. 5 and 6 ). Finally, an almost entirely unexplored area is the patterns of diet, health habits, and weight control or of the regularity, amount, and intensity of physical activity of the elite athletes following retirement. 
